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heat transfer area) of the new viscosity sensing device are optimised by computational fluid dynamics 
(CFD) analysis using ANSYS/fluent simulations. The optimisation results demonstrate a linear 
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structure under laminar flow. As a result, the outlet temperature can be controlled to obtain the viscosity-
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A novel design of flow structure model for online 
viscosity measurement 
In industry, viscosity is widely used to assess the level of internal friction in a fluid in order to evaluate lubricant oil 
performance. Various sensing equipment has been developed to measure viscosity, either offline or online. However,  
most offline methods weaken the rheological behaviour of the fluid, resulting in inaccurate measurements. Online 
monitoring can overcome this limitation but viscosity measurements at real-time temperatures still cannot be directly 
converted to viscosities at the standard temperatures in ISO 3448. Consideration of the effect of temperature in 
transferring real-time viscosity measurement into the ISO standard presents a challenge. To bridge this research gap, 
this paper proposes a novel flow structure for online viscosity measurement by considering the effect of temperature. In 
order to eliminate the friction-heat effect and turbulent flow of the fluid, the structure parameters (such as flow diameter 
and heat transfer area) of the new viscosity sensing device are optimised by computational fluid dynamics (CFD) 
analysis using ANSYS/fluent simulations. The optimisation results demonstrate a linear relationship between the outlet, 
the inlet and the environmental temperatures of the designed flow structure under laminar flow. As a result, the outlet 
temperature can be controlled to obtain the viscosity-temperature characteristics of the lubricant oil using an online 
approach. In this way, the real-time viscosity measurement can be converted into the ISO standard to achieve effective 
online viscosity monitoring.
Keywords: viscosity monitoring, flow structure, online measurement, sensing device.
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1. Introduction
Condition monitoring and fault diagnosis (CMFD) are effective 
tools for detecting unexpected failures in machines and, hence, 
preventing catastrophic accidents[1,2]. Lubrication failure is one of 
the main reasons for frictional wear in mechanical equipment[3,4]. 
Direct contact between the frictional parts due to fracture of the 
lubricant oil film accelerates the friction and wear, resulting in 
machine damage. Furthermore, degradation of the lubricant oil 
may decrease the oil film thickness or even break the film, leading 
to an increase in the friction[5]. It is therefore important to evaluate 
lubricant oil performance.
The viscosity is the most widely used parameter for evaluating 
lubricant oil performance. It is of great importance to be able to 
perform accurate measurement of the viscosity for the evaluation 
of oil performance in different applications[6]. Viscosity sensing 
methods can be categorised into offline and online methods. 
Popular offline methods include capillary viscometry[7,8] and falling 
ball viscometry[9-12]. Although the offline methods are easy to 
apply, the measurement accuracy depends on manual operation. 
In addition, the rheological behaviour of the fluid cannot be 
easily included in the offline measuring process. Online methods, 
such as vibration viscometry[13,14] and rotating viscometry[15,17], 
are able to measure the fluid viscosity without destroying the 
rheological behaviour of the fluid. For example, Etchart et al[17] 
successfully measured the viscosity of a fluid with obvious 
rheological behaviour using vibration viscometry, Janeiro et al[18] 
used vibration viscometry to achieve fluid impedance spectroscopy 
and Diogo et al[19] utilised vibration viscometry to measure fluid 
viscosity with different chemical components and temperatures. 
Previous research has found that fluid viscosity is sensitive to the 
measurement environment, so the temperature and pressure of the 
fluid flow should be taken into account in the measuring process[20]. 
Lv et al[21] suggested that, in a micro-crevice environment, 
fluid conditions such as temperature should be included in the 
viscosity calculation to make the measurement more credible. 
Zambrano et al[22] compared viscosity measurements using 
vibration viscometry and a falling body viscometer in order to 
obtain reliable fluid viscosity measurements under high-pressure 
conditions. Li and Zhao[23] investigated the effect of temperature in 
the viscosity measurement of space lubricant oil using a capillary 
viscometer. The analysis result showed that temperatures other than 
just the ISO standard temperatures (40°C or 100°C)[24] should be 
considered in the viscosity measurement.
Through a review of the literature it can be seen that offline 
methods for viscosity measurement may be subject to the 
rheological behaviour of the fluid; in other words, the time delay 
before measuring the collected oil samples may change the fluid 
flow conditions and eventually make the viscosity measurement 
inaccurate[25]. Moreover, offline measurement may require too much 
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time and too many oil samples. Online measurement of viscosity 
can overcome these limitations, but viscosity measurements at real-
time temperatures cannot be directly compared with ISO standard 
values[24]. This is because ISO 3448 determines standard viscosity 
values using a reference temperature of 40°C, while the real-time 
fluid temperature in online monitoring will not be exactly 40°C. 
If the viscosity measured online cannot be converted into the ISO 
standard value, it is very difficult to evaluate the performance of the 
lubricant oil, let alone to assess the health condition of the machine. 
However, existing viscosity sensing devices seldom take the effect 
of temperature into consideration, while conversion between real-
time viscosity measurements and the ISO standard value remains 
an unsolved problem.
To address the aforementioned challenge, this paper proposes 
a novel flow structure for online viscosity measurement that takes 
the effect of temperature into consideration. In order to convert 
the online measurement to the ISO standard value, an automatic 
heater module is designed for the proposed flow structure to create 
a constant temperature environment to calculate the viscosity-
temperature characteristics of the lubricant oil. Then, the real-
time viscosity can be fitted for comparison with the ISO standard. 
Moreover, in order to eliminate friction-heat and turbulent effects 
during the measuring process, the structure parameters of the 
flow pass are optimised using computational fluid dynamics 
(CFD) analysis to maintain the fluid in the condition of laminar 
flow. Numerical simulations demonstrate the effectiveness of the 
presented flow structure for online viscosity 
monitoring. This paper may provide a 
theoretical basis for the development of 
online viscosity measuring equipment.
2. The proposed viscosity 
measuring device
2.1 Design principle
Viscosity is defined as the quantity describing 
the magnitude of the internal friction in fluids. 
The fluid viscosity is the friction caused by 
adjacent layers moving with different speeds. 
When the fluid flows through a tube, the 
lowest viscous resistance is in the centre of 
the tube while the highest resistance is at the 
sides of the tube. Subject to the fluid viscous 
resistance and friction in the tube wall, the 
velocity of the layer of fluid at the tube wall 
is zero (under the assumption of no slippage). 
In a general parallel flow, such as in a 
straight pipe, the shear stress is proportional 
to the velocity gradient. If the velocity in 
the central layer of the tube is constant, 
the relationship between shear stress and 
viscosity can be expressed as: 
                              τ = µ ∂u
∂y
............................(1)
where τ is the shear stress, µ is the viscosity 
of the fluid, u is the fluid velocity and ∂u
∂y
 is the gradient of this 
velocity in the y direction. Considering the influence of the effect 
of temperature on the fluid flow, the Reynolds number is adopted:




where Re is the Reynolds number, ρ is the density and L is the length 
of the tube.
The viscosity measuring equipment is designed based on the 
definition of viscosity, as shown in Figure 1. By controlling the velocity 
of the fluid to keep it in the condition of laminar flow (ie the gradient 
of velocity is a constant), the shear stress will be proportional to the 
viscosity of the fluid. Hence, under laminar flow the shear stress can 
be measured to determine the corresponding viscosity.
2.2 Operational principle of viscosity 
measuring equipment
The design of the viscosity measurement equipment is shown in 
Figure 2. The operating principle is explained as follows: The liquid 
first enters the velocity-controlled pump. A cooling system is then 
used to control the fluid temperature. After the fluid enters into 
the measurement tube, a controllable heater is applied to the fluid 
to measure the fluid stress at ISO standard temperatures such as 
40°C. As a result, if the fluid velocity and temperature are controlled 
as constants in the inlet of the designed device, the relationship 
between the inlet velocity and temperature and the output standard 
viscosity can be established. Subsequently, in online monitoring, 
the cooling system and controllable heater are shut off and the real-
time viscosity measurement can be fitted to the ISO standard value 
based on the established relationship between the inlet velocity and 
temperature and the output standard viscosity.
3. Simulation results and discussions
A simulation model of the measuring device proposed in Figure 2 
was established using computational fluid dynamics (CFD) analysis 
to investigate the influence of the effect of temperature on the 
fluid flow. The cooling system in the proposed device is not only 
Figure 1. Principle of viscosity measurement 
Figure 2. Schematic illustration of the online viscosity measuring equipment
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able to control the temperature of the inlet fluid flow but also to 
stabilise the temperature to guarantee the accuracy of the viscosity 
measurement. As a result, an investigation into the viscosity-
temperature characteristics and the effect of temperature on the 
fluid characteristics can be carried out.
3.1 Design of flow tube 
The design goal of the flow tube is to ensure that the fluid flow can 
be controlled into the laminar flow condition and at the measuring 
point the flow temperature can be controlled to the required value. 
Therefore, a spiral (helical) tube was adopted in the simulation. 
Because in practice the fluid is always non-Newtonian, an inside 
groove at the rear end of the tube was created as a buffer to small 
variations in the fluid velocity. A pressure sensor was installed in 
the middle of the groove to measure the fluid viscosity. In order 
to realise constant velocity of the fluid flow in the tube, the correct 
spiral radius and spiral number need to be determined. For this 
purpose, factor analysis design was employed to determine the tube 
parameters. Tables 1 and 2 list the design factors in the simulations. 
In the factor analysis, the simulation model was defined as D-T-R, 
where D denotes the tube diameter, T denotes the spiral number 
and R denotes the spiral radius. For example, model D6-T5-R30 
was simulated with a 6 mm tube diameter, five spiral turns and a 
30 mm spiral radius.
Table 1. Design factors for spiral radius, spiral diameter, spiral turn 
number and flow velocity
Factors
Spiral radius (mm) 30 40 50 –
Spiral number (turns) 3 5 – –
Flow velocity (m/s) 1 20 40 60
Tube diameter (mm) 6 8 10 12
Table 2. Inlet and ambient temperatures
Inlet temperature (°C) 0 10 20 30 –
Ambient temperature (°C) 40 60 80 100 200
The finite element modelling approach[26-28] was employed to 
establish the CFD simulation models. Taking model D6-T5-R30 as 
an example, its grid model, grid quality and boundary conditions 
are shown in Figure 3. A quadrilateral grid was used to partition 
the model into 526,973 elements. Considering the effect of laminar 
flow, five layers with hexagonal elements were added in the area 
close to the tube wall. The grid quality of the model was analysed to 
show that only 15.6% of the elements scored lower than 0.6 in terms 
of quality. As a result, the overall quality of the model was quite 
satisfactory to ensure calculation accuracy.
3.2 Results and discussions
The model simulations were implemented based on factor 
analysis design. Figure 4 shows the result of the calculations for 
model D6-T3-R30. In Figure 4, Tout is the measured temperature 
at the junction of the circular tube and the square tube, Tin is the 
inlet temperature and Twall is the ambient temperature (which 
can be controlled by the heater). As can been seen in Figure 4, 
the temperature distribution of Tout is stabilised at around 28°C, 
indicating the laminar flow condition. However, in this simulation 
the ISO standard 40°C was not reached at the outlet of the device. 
This is due to incorrect tube structure parameters. Hence, factor 
analysis was carried out to find the correct parameters.
The structure of the tube or flow pass was optimised based on 
the evaluation index of the heat transfer effect, the complexity of 
the heat transfer mechanism and the maximum inlet pressure. The 
parameter optimisation process is described in Figure 5. 
Figure 4. The definition of global temperature and measurement 
temperature for D6-T3-R60
Figure 5. Block diagram of the tube structure optimisation processFigure 3. Grid model of the proposed device
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3.2.1 The effect of spiral diameter and spiral 
number on measurement temperature
The simulation results using different spiral radii and spiral numbers 
are displayed in Figure 6. The ambient temperature was 40°C, the 
inlet temperature was 25°C and the tube flow diameter was 6 mm. 
The simulations also cover the effects of flow velocities of 1 m/s, 
20 m/s, 40 m/s and 60 m/s.
It can be seen from Figure 6 that the temperature distribution 
at the outlet basically remains consistent with different spiral radii 
and spiral numbers. The fluid temperature close to the tube wall 
is the highest. With the same flow velocity and spiral number, the 
average temperature at the outlet increases with an increase in the 
spiral radius, while with the same spiral number and spiral radius, 
the average temperature at the outlet decreases with an increase in 
the fluid velocity. These obtained temperature distribution results 
conform to a common sense understanding of heat transfer theory. 
However, the effect of heat transfer is not distinct for the simulated 
models with high laminar flow velocity. Generally, with higher 
laminar flow velocity the heat transfer effect will be more obvious. 
The reason for this is probably due to improper matching between 
the designed parameter values. Because the proposed viscosity 
measuring device is based on laminar flow conditions in the tube, 
the flow velocity may significantly influence the measurement 
result. It should be noted that the obtained Tout using D6-T5-R50 is 
the largest among other models in Figure 6. D6-T5-R50 was used to 
further investigate the laminar flow velocity effect.
3.2.2 The effect of flow velocity on measurement 
temperature
Based on the D6-T5-R50 model, the effect of laminar flow velocity 
was investigated. The calculation results using the D6-T5-R50 
model for different velocities are shown in Figure 7, where a fitting 
function has been applied based on the calculation results. It can be 
seen from Figure 7 that, when the velocity is 0.1 m/s, Tout is 38.33°C; 
when the velocity is 0.5 m/s, Tout is 33.60°C, and, when the velocity 
is 1 m/s, Tout is 31.87°C. Therefore, in order to acquire a better 
heat transfer result, the fluid flow velocity should be selected as 
0.1 m/s. 
3.2.3 The effect of tube diameter on measurement 
temperature
Based on the preliminary optimisation results using the D6-T5-R50 
model, the outlet temperature can reach 38.33°C, ie very close to 
the ISO standard of 40°C. However, in order to realise the desired 
standardisation of the online measurement using the proposed 
device, the tube diameter needed to be further optimised. To this 
end, simulations were performed using T5-R50 at 0.1 m/s and 
0.5 m/s, respectively. Figure 8 depicts the simulation results. The 
optimisation results show an optimal tube diameter to be 10 mm. 
This is because the outlet temperature reached 35.31°C, indicating 
quite a good heat transfer effect. More importantly, compared to 
other tube diameters used, a diameter of 10 mm allows more space 
for sensor installation.
As can be seen in Figure 8, when the velocity is 0.1 m/s a 
linear relationship (with a slope rate of −0.745°C/mm) is observed 
between the tube diameter and the average outlet temperature. 
By contrast, when the velocity is 0.5 m/s a quadratic polynomial 
fitting function is found between the tube diameter and the average 
outlet temperature. It should be noted that, with constant thermal 
conductivity and a constant area of thermal conductivity, the heat 
transfer quality is proportional to the temperature variation rate. 
Therefore, when the velocity is 0.5 m/s the heat transfer mechanism 
is similar to natural convection and friction heating, which is not 
appropriate to describe the heat transfer in the designed tube. As a 
result, the optimal flow velocity was chosen to be 0.1 m/s and the 
tube diameter used in this paper was 10 mm. 
Figure 7. The calculated temperature results of D6-T5-R50 at 
different velocities
Figure 6. Calculated temperature results of D6-T3 and D6-T5 for 
different spiral radii
12 Insight • Vol 61 • No 1 • January 2019
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3.2.5 Transfer of online measurement to ISO value
Based on the above simulation results, a fitting function can be 
established to convert the online viscosity measurement to the 
ISO value. As shown in Figure 11, a fitting function between the 
outlet, inlet and ambient temperatures is first established. A linear 
relationship between the outlet temperature Tout, inlet temperature 
Tin and ambient temperature Twall can be expressed as:
                                 Tout = 0.3133Tin + 0.6874Twall ........................ (3)
That is, if the outlet and inlet temperatures are given, the ambient 
temperature can be calculated using Equation (3). The heater 
can then be controlled accordingly to ensure constant outlet 
temperature. For example, when the inlet temperature of the fluid 
Tin is 12°C, the controllable heater will control and maintain the 
ambient temperature Twall at 52.72°C to ensure the ISO standard 
of 40°C for the outlet temperature Tout. As a result, the viscosity-
temperature characteristics of the fluid can be obtained using 
the proposed device. Subsequently, the real-time viscosity 
measurement can be converted into the ISO value through looking 
up the viscosity-temperature characteristics.
4. Conclusions
This paper has proposed a new online viscosity measuring device that 
enables the conversion of real-time measurements into ISO standard 
values. The structural parameters have been optimised using factor 
analysis design. The proposed sensing device firstly establishes the 
viscosity-temperature characteristics of the measured fluid with the help 
of a cooling system and a controllable heater. Then, for online monitoring, 
the cooling system and the controllable heater are shut off. The real-time 
viscosity measurement is converted into an ISO value by data fitting using 
the viscosity-temperature characteristics. The main conclusions for this 
application include the following: (1) the determined tube diameter is 
10 mm, the spiral number is five and the spiral radius is 100 mm; (2) in the 
3.2.4 The effect of tube length on measurement 
temperature
Based on the parameter optimisation result, the D10-T5-R50 
model with 0.1 m/s velocity was selected. The outlet temperature 
was 35.31°C. Considering the temperature difference (4.69°C) 
from the ISO standard value of 40°C, the tube structure needed to 
be optimised further in terms of thermal conductivity. Two tube 
types, namely U-type and double helix-type tubes, were considered 
(see Figure 9).
The calculation results of three different simulation 
models at 0.1 m/s velocity are shown in Figure 10, where the 
D10-T5-R50 model uses the original spiral helical tube, the 
D10-T5-R50-U model uses the U-type tube and the 
D10-T5-R50-D model uses the double helix-type tube. It can 
be seen from Figure 10 that the effect of heat transfer in the 
U-type structure is similar to that produced by the original type 
(ie spiral helical tube); that is, the U-type structure increases the 
complexity of the tube while the area of thermal conductivity 
provided by the U-type structure does not improve the heat 
transfer efficiency inside the tube. Moreover, compared with 
the calculation result of the D10-T5-R50 model, the average 
temperature produced by the double helix-type tube structure 
is improved by 1.17°C but at a cost of a pressure increase. 
As can be seen, the maximum pressure in the double helix-type 
tube is 2.08 × 103 Pa larger than that in the original type. As a result, 
the heat transfer effect in the original type of tube is comparable 
to those seen in the U-type and double helix-type tubes, while its 
structural complexity is much reduced. Hence, in this paper the 
original spiral helical tube was adopted.
Figure 10. Calculated temperature results for different tube types
Figure 11. Relationship between outlet temperature, inlet 
temperature and environment temperature
Figure 8. The calculated temperature of the D10-T5-R50 model 
when: (a) velocity is 0.1 m/s; and (b) velocity is 0.5 m/s
Figure 9. Structure of U-type tube (left) and double helix-type tube 
(right)
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optimisation of the thermal conductivity area in the flow tube, the length 
of the double helix-type tube increases; the efficiency of heat transfer is 
constant with a limited increase in tube length; however, a greater length 
increases the inlet pressure observably, which may influence the effect 
of laminar flow velocity; (3) the relationship between the average outlet 
temperature and the inlet and environmental temperatures is linear. In 
the future, a prototype of the proposed viscosity sensing device will be 
manufactured for online monitoring of the viscosity of lubricant oil in 
rotating machinery.
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